A long-chain aldehyde dehydrogenase, Ald1, was found in a soluble fraction of Acinetobacter sp. strain M-1 cells grown on n-hexadecane as a sole carbon source. The gene (ald1) was cloned from the chromosomal DNA of the bacterium. The open reading frame of ald1 was 1,512 bp long, corresponding to a protein of 503 amino acid residues (molecular mass, 55,496 Da), and the deduced amino acid sequence showed high similarity to those of various aldehyde dehydrogenases. The ald1 gene was stably expressed in Escherichia coli, and the gene product (recombinant Ald1 [rAld1]) was purified to apparent homogeneity by gel electrophoresis. rAld1 showed enzyme activity toward n-alkanals (C 4 to C 14 ), with a preference for longer carbon chains within the tested range; the highest activity was obtained with tetradecanal. The ald1 gene was disrupted by homologous recombination on the Acinetobacter genome. Although the ald1 disruptant (ald1⌬) strain still had the ability to grow on n-hexadecane to some extent, its aldehyde dehydrogenase activity toward n-tetradecanal was reduced to half the level of the wild-type strain. Under nitrogen-limiting conditions, the accumulation of intracellular wax esters in the ald1⌬ strain became much lower than that in the wild-type strain. These and other results imply that a soluble long-chain aldehyde dehydrogenase indeed plays important roles both in growth on n-alkane and in wax ester formation in Acinetobacter sp. strain M-1.
PAGE) was performed on a 12.5% polyacrylamide gel (13) , and Bio-Rad standard proteins (Low Range) were used for molecular mass measurement.
Extraction and analysis of wax esters. Acinetobacter sp. strain M-1 was cultured on a nitrogen-limiting medium (20) containing n-hexadecane (0.5%, vol/ vol). After a 72-h cultivation, the cells were collected by centrifugation, washed three times with 0.85% NaCl, and then resuspended in 10 mM Tris-Cl (pH 8.0) containing 1.0 mM EDTA. The cells were disrupted with zirconia-silica beads (diameter, 0.5 mm; Biospec Products, Bartlesville, Okla.), and then wax esters were extracted with an equal volume of chloroform-methanol (2:1, vol/vol). After centrifugation at 2,000 ϫ g at room temperature for 10 min, the chloroform phase was subjected to gas chromatography (with a GC7-A; Shimadzu, Kyoto, Japan) under the following conditions: glass column (0.5 m by 3.2 mm) packed with Silicone OV-17 (Shimadzu); gas phase, He (50 ml/min); column temperature, 250°C; injection port temperature, 280°C; flame ionization detector temperature, 280°C.
Enzyme assay. The reaction mixture was composed of 50 mM glycine-NaOH buffer (pH 9.5), 2.5 mM NAD ϩ , and 1.0 mM tetradecanal. Before addition to the mixture, the substrate, i.e., tetradecanal or another insoluble substrate, was homogenized in 50 mM glycine-NaOH buffer containing 3% (wt/wt of substrate) Plysurf A210G (a detergent; Daiichi Kogyo Seiyaku, Tokyo, Japan) by heating in boiling water for 3 min and subsequent sonication at 20 kHz for 1 min. An appropriate quantity of the enzyme was added to initiate the reaction. The mixture without the substrate was used as a reference. One unit of enzyme was defined as the amount of the enzyme that catalyzed the reaction of 1.0 mol of NAD ϩ per min at 43°C. Calculations were based on a molar extinction coefficient at 340 nm for NADH of 6.22 ϫ 10 3 . Aldehyde dehydrogenase activity was localized in situ on native PAGE by the method described by Singer and Finnerty (26) , using the reaction mixture described above.
Enzyme purification and amino acid sequence analysis. All the procedures for enzyme purification were performed at 4°C. An NAD ϩ -dependent long-chain aldehyde dehydrogenase was partially purified from Acinetobacter sp. strain M-1 as described previously (22) and was then further chromatographed on a Resource Q column (Amersham Pharmacia Biotech, Tokyo, Japan). The purified preparation was subjected to SDS-PAGE and then electroblotted onto a polyvinylidene difluoride (PVDF) membrane (Millipore Corp., Bedford, Mass.). The band corresponding to the enzyme was cut out, subjected to fragmentation with lysyl endopeptidase, and then fractionated by high-performance liquid chromatography (HPLC) (33) . The amino acid sequence of each fraction was determined by Edman's method with a Perkin-Elmer Protein Sequencer 476A.
Recombinant Ald1 (rAld1) was purified from cells of the transformant E. coli JM109(pCM1) (see below) as follows. The cells were harvested by centrifugation, washed twice with 0.85% NaCl, disintegrated with a Kubota Isonator model 200M at 150 W for 30 min, and then centrifuged at 18,000 ϫ g for 10 min. After further centrifugation at 100,000 ϫ g for 60 min, the clear supernatant was applied to a DEAE-Toyopearl column (Tosoh Co., Tokyo, Japan) equilibrated with buffer A (50 mM Tris-Cl, pH 8.5, containing 0.5 mM EDTA and 2 mM dithiothreitol). The enzyme was eluted with a linear gradient of increasing KCl concentration (0.1 to 0.3 M). The active fractions were collected, dialyzed against buffer A, and then applied to a Q-Sepharose column (Pharmacia Biotech) equilibrated with buffer A. The enzyme was eluted with a linear gradient of increasing KCl concentration (0.1 to 0.5 M). The active fractions were dialyzed against buffer A and then concentrated. The purified preparation, which gave a single protein band on SDS-PAGE and a single activity band on native PAGE, was stored at 0°C until use.
Cloning of the ald1 gene from the genome of Acinetobacter sp. strain M-1. To amplify the fragment of DNA encoding Ald1 from the chromosomal DNA of Acinetobacter sp. strain M-1 by PCR, upstream and downstream primers were designed from the internal amino acid sequences of K-5 and K-12 (see Results). The primers used were
The conditions for PCR were principally the same as described by Sakai et al. (21) . The PCR product was approximately 1.4 kb in length and was used as a probe. Through Southern hybridization (28) and colony hybridization (21) , one positive clone which contained the 5.7-kb HindIII fragment of pBluescript II SK(ϩ) was isolated; this plasmid was named pSH6. A restriction map of pSH6 is shown in Fig. 1A . The 3.5-kb PstI fragment was subcloned from pSH6 into pBluescript II SK(ϩ) and sequenced.
Nucleotide sequencing. Nucleotide sequencing was performed by the dideoxy chain termination method of Sanger et al. (24) using a DNA Sequencing Kit and an ABI 373A Sequencer (Applied Biosystems, Inc.). The sequencing reaction was performed as described in the manual. The sequence data were analyzed with the BLAST program (by using the GenBank, EMBL, and Swissprot databases).
Expression of the ald1 gene in E. coli JM109.
To obtain the open reading frame (ORF) of the Acinetobacter sp. strain M-1 ald1 gene, PCR primers with an EcoRI site and the ribosomal binding sequence were synthesized as follows: aldN, 5Ј-GGAATTCCTAAGGAGGTTTTTATATGCACTATGTTGATCCGAAT-3Ј (the translation start codon is underlined), and aldC, 5Ј-GGAATTCCTTAGA AAAAGCCCATGGCTTT-3Ј. The PCR product was ligated with the pT7Blue vector and then with pUC118. A pUC118-derived plasmid, designated pCM1, was introduced into E. coli JM109. Expression of ald1 in the E. coli transformant cells was confirmed by the activity and protein bands on SDS-PAGE.
Northern hybridization. Acinetobacter sp. strain M-1 was grown on a salt medium containing various carbon sources, i.e., sodium acetate (1.0%) or an n-alkane (0.5%, vol/vol). The total RNA of the cells in the early-exponential growth phase was obtained by the acid-guanidinium thiocyanate-phenol-chloroform (AGPC) method using ISOGEN (Nippon Gene Co., Ltd.), and total RNA was electrophoresed on a 0.7% agarose gel in 20 mM morpholinepropanesulfonic acid (MOPS) buffer containing 1.0 mM EDTA and 2.2 M formaldehyde and was then transferred to a nylon membrane filter (Gene Screen Plus; NEN Life Science Products, Boston, Mass.) in 20ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate). Hybridization was carried out using AlkPhos DIRECT (Amersham Pharmacia Biotech) according to the manufacturer's protocol, using the pCM1-derived ald1 gene as a probe. rRNA was used as a standard for loaded total RNA and was visualized by ethidium bromide staining.
Transformation method. E. coli was transformed by the method of Hanahan (10) . Acinetobacter sp. strain M-1 was transformed by electroporation using a Gene Pulser II (Bio-Rad Laboratories, Richmond, Calif.) under the following conditions: a 0.1-cm cuvette, 200 ⍀, 50 F, and 16 kV/cm. Competent cells for electroporation were prepared by the method of Leahy (14) . After the pulse, 800 l of prewarmed 2ϫ YT was added immediately, followed by incubation at 30°C for 4 h and then plating.
Construction of the ald1 disruptant. The kanamycin resistance gene (Km) including its own promoter was amplified by PCR using pKT231 as a template. The primer sequences flanking the NcoI site were as follows: Km-N, CCATGG GGACCAGTTGGTGATTTT, and Km-C, CCATGGTTAGAAAAACTCATC GAGC. The amplified Km gene replaced a 500-bp NcoI fragment within the ald1 gene of pSH6 ( Fig. 1C) , yielding pDALD1. The ald1 disruption plasmid, pDALD1, was linearized, dephosphorylated, and then introduced into Acinetobacter sp. strain M-1 by electroporation.
Nucleotide sequence accession number. The nucleotide sequence data reported in this paper will appear in the DDBJ/EMBL/GenBank nucleotide sequence databases under accession number AB042203.
RESULTS
Nucleotide and deduced amino acid sequences of ald1. An NAD ϩ -dependent long-chain aldehyde dehydrogenase, which showed activity toward tetradecanal, was purified from a soluble cell-free fraction of n-hexadecane-grown Acinetobacter sp. strain M-1 cells. We obtained the amino acid sequence information on two internal peptide sequences, K-5 (MMLDH YQQTK) and K-12 (DQYENFIGGQWVAPVK), from limited proteolytic digests of the purified enzyme. Based on these amino acid sequences, we synthesized two PCR primers, K-12N and K-5C, as described in Materials and Methods. A DNA fragment of about 1.4 kb was amplified by PCR using Acinetobacter sp. strain M-1 chromosomal DNA as the template with these primers. Through Southern hybridization and colony hybridization selection using the 32 P-labeled 1.4-kb PCR-amplified product, one positive clone containing a 5.7-kb HindIII fragment in pBluescript II SK(ϩ) was isolated. The ORF corresponding to Ald1 was found in the 3.5-kb PstI region, and ald1 was not clustered with other genes for enzymes related to n-alkane oxidation (Fig. 1B) . This is unlike the placement of the aldehyde dehydrogenase gene (alkH) in the alk operon of the OCT plasmid in P. oleovorans (29) . The ald1 gene was composed of 1,512 bp corresponding to 503 amino acid residues with a predicted molecular mass of 55,496 Da. A database search revealed that Ald1 showed considerable similarity to various aldehyde dehydrogenases, despite the differences in their origin and in their physiological and catalytic properties, including, e.g., AcoD of Alcaligenes eutrophus (18) (70% identity and 85% similarity) and AldB of E. coli (32) (68% identity and 83% similarity). Although AcoD is involved in the catabolism of acetoin and ethanol, Ald1 of our strain prefers longer aldehydes and is not active toward such shortchain aldehydes (see below). The following sequences are presumed to be functional motifs: GXGXXXG (positions 218 to 224; X represents any amino acid) as an AMP-binding site; VTLELGGKSP (positions 259 to 268) as a glutamic acid active-site motif (31); and GYKKSGVG (positions 467 to 474; Y represents an aromatic residue) as a putative conserved sequence among various aldehyde dehydrogenases (32) .
Purification of rAld1 from E. coli JM109(pCM1). Acinetobacter sp. strain M-1 has several types of enzyme that catalyzed the oxidation of n-alkanals (22) . Since the amount of the purified Ald1 from Acinetobacter sp. strain M-1 was too small for study of its biochemical properties, ald1 was overexpressed in E. coli. The cell extract of E. coli JM109(pCM1) showed aldehyde dehydrogenase activity toward tetradecanal, 0.156 U/mg of protein, but no activity was observed for the control strains, E. coli JM109 and E. coli JM109(pUC118). The enzyme was purified up to 70-fold from a cell extract of the transformant cells, as mentioned in Materials and Methods. The specific activity of the purified enzyme toward tetradecanal was 10.9 U/mg of protein. The purified enzyme preparation showed apparent homogeneity on SDS-PAGE.
General properties of the purified rAld1. The relative molecular mass of the purified enzyme was estimated to be 55 kDa on SDS-PAGE and 232 kDa on gel filtration; these values were identical to those obtained with the preparation from the native Acinetobacter strain. The molecular mass of the subunit is in close agreement with the value calculated from the deduced amino acid sequence, as mentioned above. Only one N-terminal amino acid sequence, MHYVDPNQSGSKIHFKDQYE, was obtained upon Edman degradation. Judging from these results, the enzyme is homotetrameric.
The enzyme showed an optimum temperature of 43°C, and 90% of its activity remained after incubation at 60°C for 30 min. The optimum pH was 9.5, and more than 90% of the activity was retained after incubation for 30 min at 30°C within pH 7.5 to 9.0.
The enzyme activity was completely inhibited by p-chloromercuribenzoate (1.0 mM) and N-ethylmaleimide (1.0 mM) and was strongly inhibited by iodoacetate (1.0 mM), suggesting that a sulfhydryl group was essential for the activity. The enzyme activity was completely inhibited by Pb Substrate specificity. The enzyme was active toward n-alkanals with carbon chains longer than four carbons but was not active toward ethanal and propanal. The enzyme activity became higher with increasing substrate carbon chain length. Among the substrates examined, the n-alkanal most preferred was tetradecanal, which is the longest n-alkanal commercially available (Fig. 2) . This means that the enzyme can be categorized as a long-chain aldehyde dehydrogenase. The enzyme catalyzed the dehydrogenation of benzaldehyde (66% activity toward tetradecanal), o-, m-, and p-fluorobenzaldehyde (76, 136, and 84%, respectively), p-chlorobenzaldehyde (95%), mmethylbenzaldehyde (36%), trans-2-decenal (32%), trans-cin- namaldehyde (38%), and cis-9-hexadecenal (31%). The purified enzyme utilized only NAD ϩ as a cofactor, i.e., it did not use NADP ϩ . Northern analysis. To examine the expression and regulation of ald1, Northern blot analysis was performed with the total RNA of Acinetobacter sp. strain M-1 cells grown on a salt medium with an n-alkane ranging from C 16 to C 30 , and with sodium acetate as a control carbon source (Fig. 3A) . The most intensive band was detected with the mRNA from n-hexadecane-grown cells. The level of mRNA became lower with increasing carbon chain length of the n-alkane and became almost negligible with n-hexacosane, indicating that ald1 mRNA was most abundant when the cells were grown on C 16 . In spite of no signal on Northern hybridization, the cells grown on n-hexacosane, n-triacontane, and sodium acetate showed significant levels of enzyme activity toward tetradecanal (Fig. 3B) . This means that an alternative aldehyde dehydrogenase(s) active toward tetradecanal is induced with these carbon sources. The existence of isozymes was also indicated by gene disruption analysis (see below).
Gene disruption of ald1 in Acinetobacter sp. strain M-1. To determine the physiological role of Ald1 in Acinetobacter sp. strain M-1, the chromosomal ald1 gene was destroyed by homologous recombination with the disruption vector pDALD1 as described in Materials and Methods. The transformant was selected for the kanamycin resistance phenotype. The ald1 gene disruption was confirmed by Southern analysis (Fig. 1D) . The chromosomal DNAs from both the wild-type strain and the ald1⌬ strain were double digested with EcoRV and KpnI. The signal of the wild-type strain corresponded to the size of 1.7 kb. This shifted to 3.3 kb for the ald1⌬ strain, the size expected to result from insertion of two copies of the Km gene.
The activity of aldehyde dehydrogenase toward tetradecanal was compared between 2ϫ YT-grown cells of the wild-type strain and the ald1⌬ strain. The cell extract of the ald1⌬ strain showed about half of the aldehyde dehydrogenase activity (0.16 U/mg of protein) toward tetradecanal that the wild-type strain showed.
Wax ester accumulation and growth rate of the ald1⌬ strain. The major determinant of wax ester composition during growth on alkanes is the chain length of the alkane substrate. The main component of intracellular wax esters in Acinetobacter sp. strain M-1 and the ald1⌬ strain, which were grown under nitrogen-limiting conditions with 0.5% n-hexadecane for 72 h, was hexadecyl-hexadecanoate, i.e., no other significant components of wax esters were observed under the experimental conditions used. This finding suggested that C 16 is the main carbon chain length species in intracellular wax esters in this strain.
The wax ester content was compared between the wild-type and ald1⌬ strains grown on n-hexadecane under nitrogen-limiting conditions. As expected, the amount of wax esters in the cells of the ald1⌬ strain, 0.73 mol/mg of protein, was less than half of that in the wild-type strain, 1.7 mol/mg of protein.
Next, wax ester degradation was compared by shifting the cells to a salt medium without a carbon source. The accumulated wax esters were degraded at similar rates in the wild-type and the ald1⌬ strain (Fig. 4) . These results suggest that Ald1 plays an important role in the synthesis of wax esters but not in their degradation.
As shown in Fig. 5 , the ald1⌬ strain still retained the ability to grow on n-hexadecane as a sole carbon source. The initial growth rate was the same as that of the wild-type strain, but the final cell yield was less than half that of the wild type strain. The same result was obtained when n-tridecane was used as the carbon source instead of n-hexadecane (data not shown). We did not attempt to detect the intermediates, such as cor- responding aldehydes or free fatty acids, in growth medium of the ald1⌬ strain on n-alkane.
DISCUSSION
In this study, we investigated the physiological role of a long-chain aldehyde dehydrogenase, Ald1, which was found in a soluble fraction of a cell extract of n-alkane-grown Acinetobacter sp. strain M-1 cells. Through genetic and biochemical analyses, Ald1 was shown to play a significant role in intracellular wax ester synthesis and in n-alkane utilization by the following results: (i) the purified Ald1 from recombinant E. coli cells was active toward a long-chain n-alkanal; (ii) the ald1 transcript was induced by long-chain n-alkanes, C 16 to C 22 ; (iii) disruption of ald1 caused a remarkable decrease in the amount of intracellular wax esters; and (iv) the cell yield of the ald1⌬ strain was much lower than that of the wild-type strain. The remaining ability of the ald1⌬ strain to accumulate some amount of wax esters suggests the participation of an alternative aldehyde dehydrogenase(s) or the existence of an alternative wax synthesis pathway. Indeed, the soluble fraction of the ald1⌬ strain still exhibited some NAD ϩ -dependent aldehyde dehydrogenase activity (50% that of the wild-type strain toward tetradecanal and 80% toward n-decanal or n-hexanal).
Ratajczak et al. reported that alkM, encoding integral-membrane terminal alkane hydroxylase, is essential for n-alkane degradation by Acinetobacter sp. strain ADP1 (19) . (We recently obtained genes encoding the enzymes involved in the n-alkane hydroxylation system in Acinetobacter sp. strain M-1 [unpublished data]). These findings suggest that the oxidation of an n-alkane to the corresponding acyl-CoA proceeds through membrane-bound enzymes as in P. oleovorans. This was supported by the existence of membrane-bound alcohol and aldehyde dehydrogenases in Acinetobacter spp. (1) . On the other hand, acyl-CoA reductase has been reported to be essential for wax ester synthesis in Acinetobacter calcoaceticus BD413 (20) , indicating that the resulting aldehyde would be further catalyzed by aldehyde reductase and acyl-CoA:alcohol transacylase for wax ester synthesis. As judged from these facts, acyl-CoA is the common intermediate for ␤-oxidation and wax ester synthesis (as well as phospholipid synthesis [1] ) (Fig. 6) . The principal role of aldehyde dehydrogenase might be to supply a fatty acid which is a precursor of acyl-CoA, and a variety of aldehyde dehydrogenases have been found in the membrane and cytosolic fractions of Acinetobacter spp. (1). As described above, a membrane-bound enzyme would mainly participate in the carbon flow of n-alkanes to cell constituent synthesis and to energy production through ␤-oxidation. In contrast, our present results, i.e., (i) retarded growth on nhexadecane and impaired wax ester synthesis in the ald1⌬ strain, (ii) inducibility of ald1 by n-hexadecane, and (iii) the substrate specificity of rAld1, supported the possibility that soluble aldehyde dehydrogenases (one of them being Ald1) mainly participate in wax ester synthesis. The growth of the ald1⌬ strain on n-hexadecane showed the same rate as that of the wild-type strain until the mid-exponential phase; then it ceased at a growth level less than half that of the wild-type strain. In an Acinetobacter sp., wax esters began to accumulate at the mid-exponential phase (6) . Judging from these observations, wax ester synthesis might be related to the growth of Acinetobacter sp. strain M-1 on n-alkanes after the mid-exponential phase.
Although n-alkane metabolism in Acinetobacter spp. seemed to be complicated due to the diversity and overlapping functions of enzymes, determination of the carbon flow from nalkanes to various metabolites, such as wax esters, is of both academic and applied interest and is a challenging problem   FIG. 4 . Degradation of intracellular wax esters in the wild-type and ald1⌬ strains. The cells, which were grown on a nitrogen-limiting medium containing 0.5% (vol/vol) n-hexadecane, were shifted to a salt medium without a carbon source, and then the amount of intracellular wax esters was measured at intervals. Solid bars, wild-type strain; open bars, ald1⌬ strain.
FIG. 5. Growth of the wild-type and ald1⌬ strains on n-hexadecane. Cells were cultured in a salt medium containing 0.5% (vol/vol) n-hexadecane, and growth was measured as described in Materials and Methods. Open circles, wild-type strain; solid circles, ald1⌬ strain. 
